ABSTRACT. In the present study, we investigated plasma levels of soluble intercellular adhesion molecule-1 (sICAM-1) and vascular cell adhesion molecule-1 (sVCAM-1) in seven Japanese macaques (Macaca fuscata) infected with Plasmodium coatneyi. Concentrations of sICAM-1 and sVCAM-1 were significantly elevated in the severe phase; the levels were maximally increased up to six times and three times those before infection, respectively. We subsequently examined kinetic profiles of sICAM-1 and sVCAM-1 concentration in plasma obtained from two infected monkeys. Both infected monkeys had markedly increased levels of these adhesion molecules when they exhibited severe clinical signs correlated with rapid increase in parasitemia. These results suggest that the elevation of levels of sICAM-1 and sVCAM-1 is a critical step in the pathogenesis of severe malaria in vivo. KEY WORDS: Plasmodium coatneyi, sICAM-1, sVCAM-1.
The sequestration of infected red blood cells (IRBCs) in various organs is a major factor in Plasmodium falciparum infection leading to severe malaria [12] . The cytoadherence of IRBCs causing sequestration results from specific interactions between ligands on the surface of IRBC and counter-receptors expressed on endothelial cells [6, 15] . The participation of intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), which are principal candidates for this interaction, have been elucidated in vitro, and expression of them has been identified in postmortem tissues from fatal falciparum malaria [6] . It is therefore that these adhesion molecules play important roles in the pathogenesis of vital organ dysfunction during the multiple complications associated with P. falciparum infection.
Expression of ICAM-1 and VCAM-1 on endothelial cells can be upregulated by proinflammatory cytokines, such as tumour necrosis factor (TNF) and interleukin 1 (IL-1α), and is accompanied by increased release of a soluble form of the adhesion molecule [7] . In previous studies of Gambian children and Thai patients with P. falciparum malaria, plasma levels of soluble (s) ICAM-1 and sVCAM-1 were significantly increased and correlated positively with the severity of malaria [8, 13] . Boehme et al. have also described an increase in plasma concentrations of sICAM-1, sVCAM-1 and sE-selectin in patients suffering from severe malaria, compared with the concentrations in a group of healthy volunteers [4] . However, not all studies have confirmed a relationship between severity of malaria and levels of soluble adhesion molecules, and the kinetics of these molecules over the course of infection remains unclear [14] .
P. coatneyi is a simian malaria parasite of macaque monkeys with a number of falciparum-like characteristics. Previous studies have shown that the clinical and pathologic characteristics of experimental hosts infected with P. coatneyi, such as rhesus monkeys (Macaca mulatta) and Japanese macaques (M. fuscata), appear similar to those of severe falciparum malaria in human [1, 9] . Therefore, P. coatneyi-infected experimental hosts are thought to offer a useful model for pathological and pathophysiological studies of severe falciparum malaria. The purpose of this study was to investigate how the changes in plasma levels of sICAM-1 and sVCAM-1 in this primate model were linked to the course of infection by malaria.
Seven Japanese macaques were used in this study (Table  1 ). All monkeys were bred and grown in animal facilities in Japan. The investigators adhere to the Guidelines for the Use of Experimental Animals authorized by the Japanese Association for Laboratory Animal Science. The infected monkeys were inoculated intravenously with about 1 × 10 9 frozen P. coatneyi-infected erythrocytes (CDC strain). After inoculation, daily clinical follow-up of the monkeys was performed over the course of infection. From the 6th day after infection, thin blood films were prepared daily from peripheral blood obtained by earprick and Giemsastained, and development of parasites in the infected monkeys was monitored by microscopic observation. Blood samples from the infected monkeys were obtained on day 0 and every 3 or 4 days after infection. All animals were anesthetized by an intramuscular injection of ketamine hydrochloride (10-20 mg/kg) when they became lethargic and severely withdrawn, and were then exsanguinated for autopsy.
Plasma levels of sICAM-1 and sVCAM-1 were determined using a commercial enzymatic immunoassay kit (R & D Systems Europe, Abingdon, UK). Seven infected monkeys were used for assays on day 0 and at severe phase. In addition, the kinetics of plasma sICAM-1 and sVCAM-1 concentration were investigated using two (J6 and J7) of the seven infected monkeys. Estimation of these adhesion molecules in severe phase was performed for plasma samples just before autopsy. The significance of differences between day 0 and severe phase in the infected Japanese macaques was tested by Student's paired-t test. P-values lower than 0.05 were considered significant.
The parasite was first detected in the peripheral blood of the infected Japanese macaques about 8 days after infection; parasite densities then increased sharply by a day or two prior to autopsy. Mean parasitemia at autopsy was 32.1 ± 9.9% (Table 1 ). The infected monkeys initially tolerated malarial infection without any behavioral changes. Subsequent clinical signs ranged from partial anorexia to severe manifestations, such as complete anorexia, restlessness and depression, correlated with the rapid increase in parasitemia. The infected Japanese macaques other than J12 finally became lethargic and comatose within 14 days after infection, and J12 eventually became moribund on the 19th day after infection (Table 1) . Figure 1 summarizes the plasma levels of sICAM-1and sVCAM-1 in the seven infected Japanese macaques. Significant increase in plasma levels of sICAM-1and sVCAM-1 was found in all infected Japanese macaques in severe phase. On day 0, the mean plasma levels of sICAM-1 and sVCAM-1 were 566.6 ± 152.5 pg/ml and 181.8 ± 91.9 ng/ml (mean ± SD), respectively. The concentrations of sICAM-1 significantly increased in severe phase compared to plasma levels on day 0 (2372.9 ± 1067.8 pg/ml, p <0.005), and exhibited maximal increase of up to 6 times (animal No. J12). The concentrations of sVCAM-1 were also significantly increased in severe phase (470.5 ± 295.6 ng/ml, p <0.05), and exhibited a maximal increase of up to 3 times (animal No. J7).
We subsequently measured the kinetics of plasma sICAM-1 and sVCAM-1 concentrations over the course of infection obtained for two infected monkeys (J6 and J7). As clearly shown in Fig. 2 , both infected monkeys had markedly increased levels of sICAM-1 and sVCAM-1 during later infection, when they exhibited severe clinical signs correlated with the rapid increase in parasitemia.
Higher expression of adhesion molecules and production of proinflammatory cytokines have been found in humans with cerebral and severe malaria than in those with uncomplicated malaria [4, 7, 8, 10, 13, 14] . Several investigators have pointed out that high levels of TNF and IL-1-α production may exacerbate IRBC sequestration by upregulating ICAM-1 and VCAM-1 expression on endothelium, and that this may be a critical step in the pathogenesis of severe human malaria with cerebral involvement [3] . However, it has proven difficult to test this hypothesis in vivo.
In this study, we found a marked elevation of soluble adhesion molecules in P. coatneyi-infected Japanese macaques in the severe phase. Moreover, the kinetics of sICAM-1 and sVCAM-1 were positively correlated with parasitemia and the occurrence of severe clinical signs. In a previous study using P. coatneyi-infected rhesus monkeys, increase in plasma levels of TNF-α, IL-1β and IFN-γ was related to increased parasitemia over the course of later infection [17] . We have also observed increase in plasma levels of TNF-α and IFN-γ in P. coatneyi-infected Japanese macaques in the severe phase (unpublished data). The increased production of these cytokines probably resulted from monocyte/macrophage activation since monocytes/ macrophages activated by stimulation with parasitic antigens are a major source of both TNF and IL-1 [2, 5] . In vitro studies on the cellular source of sICAM-1 and sVCAM-1 have shown that the release of soluble form correlates with levels of ICAM-1 and VCAM-1 expressed on endothelium in response to TNF and IL-1 [11, 16] . Therefore, the markedly elevated levels of soluble adhesion molecules in P. coatneyi-infected Japanese macaques in the severe phase might reflect enhanced interaction between IRBCs and cytokine activated endothelial cells with subsequent shedding. The elevation in levels of sICAM-1 and sVCAM-1 with disease severity are compatible with the view that expression of high levels of these adhesion molecules is a critical step in the pathogenesis of severe malaria in vivo. We are very grateful to Dr. William E. Collins (Centers for Disease Control and Prevention) for kindly providing the P. coatneyi strain. This study was supported by a Grant-in-A i d f o r S c ie n t i f ic R e s e a r c h o n Pr i o ri t y A r e a s (No.08281103, No. 12670239) from the Ministry of Education, Science, Culture and Sports, Japan. Fig. 2 . Kinetics of parasitemia, plasma sICAM-1 and sVCAM-1 levels in two infected Japanese macaques (J6 and J7) over the course of infection. Both infected monkeys had markedly increased levels of these adhesion molecules correlated with disease severity.
